We report on a detailed survey of protein heterozygosity in Canadian freshwater fish and mammals.
Introduction
The application of gel electrophoresis to population genetics from the mid-1960s onwards has shown that protein structure varies substantially within natural populations. The renewed debate about variation, which was fuelled by this discovery, was graphically described by Lewontin (1974) . At first, the new variation that was uncovered seemed to confirm the importance of balancing selection, but it was soon realized that hard selection, acting simultaneously at so many loci, depresses mean fitness so much that populations are unable to survive. This led to the theory that most protein variation is selectively neutral, and represents only a phase in the substitution of alleles by sampling error (Kimura, 1983) . The controversy has continued, and has been reviewed recently by Nevo eta!. (1984) , Nei & Graur (1984) and Nei (1987) .
During the last quarter-century, variation has been measured for about 100 proteins distributed over about 1000 species of plants and animals. There have been two approaches to testing selectionist and neutralist theories: detailed studies of proposed *Present address: Department of Biology, University of California, Santa Cruz, CA 95064, USA.
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enzyme function in particular situations, and broad surveys of variation. This paper is concerned only with the second approach. The comparative analysis of protein variation has uncovered many patterns of great interest but has not been successful in distinguishing unequivocally between neutralist and selectionist interpretations of these patterns. The reason for this uncertainty is that variation among neutral alleles is governed by the product of population number and mutation rate. As it is rarely possible to estimate either of these parameters with precision, predicting the variation expected over a wide range of species is impracticable. Consequently, the neutral theory can generate comparative predictions by using covariates of population size and mutation rate; but these covariates can seldom if ever be shown to be devoid of ecological significance, and so an alternative selectiomst interpretation is always available. For example, the neutral theory predicts that enzymes of greater molecular weight will be more variable because their total mutation rate will be higher. This seems to be generally true (Koehn & Eanes, 1977; Ward, 1978 ; Nei et a!., 1978), although there are some exceptions, especially in humans (Harris et al., 1977 ; Eanes & Koehn, 1978) ; but the same facts can be given a selectionist interpretation (Leigh, Brown & Langley, 1979) .
Enzymes with more subunits should be less variable because complex quarternary structures may constrain the number of possible neutral changes. This also appears to be true (Harris eta!., 1977; Ward 1977 ), but quarternary structure may reflect enzyme function (Zouros, 1975; Ward, 1977) . Selectionists have replied by arguing that variability is correlated with enzyme function (Gillespie & Langley, 1974; Johnson, 1974 ), but this is by no means always the case (Selander, 1976 (Peters, 1983) .
Hence, it is difficult to use weak correlations with ecological variables to support the selectionist theory as these may readily arise through covariation with body size.
Our initial object in conducting the survey reported here was to test a particular selectionist hypothesis, that protein variation among species of hosts is correlated with the species diversity of their parasites, through a detailed quantitative analysis of a restricted fauna. We have not yet proceeded with this exercise because, to our surprise, we were unable to detect any substantial variation in heterozygosity either among species or among proteins in our material. Instead, the bulk of the variation present is attributable to the interaction between species and proteins. This unexpected discovery has led us to explore in detail the structure of variation in our data and to comment on its interpretation in terms of selection, mutation and genetic drift.
Materials and methods

Range of species surveyed
We collated data from electrophoretic surveys of 
Statistical analysis
The arcsine square-root transform of is approximately normally distributed and is used as our 
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The complete two-way analysis of taxon and protein is shown in Table 3 . Less than 5 per cent of the variance of is either by taxon, at all levels, or by protein.
More than half the variance is attributable to taxon-protein interaction, the great bulk of this, amounting to 44 per cent of the overall variance in H, being represented by the species-protein interaction. Figure 1 depicts this interaction. Taken at face value, this result invalidates attempts to interpret variation either among species or among enzymes, and indicates that variation should be analysed only for a given enzyme among species, or only for a given species among enzymes. Because this is a much more onerous task, we attempted to show that the very large interaction variance is either artef actual or misleading.
First, we re-analysed fish and mammals separately. Table   1 ). The main effects of protein (4 per cent of total variance) and species (9 per cent) remained small and non-significant, while the species-protein interaction contributed 80 per cent of the variance and was significant at P<0.0005. For mammals, we used the eight proteins most often reported (AAT, ALB, IDH, LDH, MDH, PGDH, PGM, TF; see Table 2 ), for five populations of each of six species (28, 29, 31, 32, 34, 39 ; see Table 1 ). The main effects of species and protein were negligible (1 per cent each) and non-significant, while the interaction remained large (39 per cent) and highly significant (P< 0.0005). Thus, the use of completely balanced datasets confirmed the result of the main analysis.
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To illustrate why the species variance component is so markedly reduced in the two-way analysis relative to the one-way analysis, we compared the compositions of the expected mean squares between the two analyses using the balanced mammal dataset. Table 4 shows that in the two-way analysis the expected mean square for species contains both species-protein interaction and population-within-species variance, whereas in the one-way analysis it contains only population-withinspecies variance. If the species variance in the two-way analysis is estimated while omitting the species-protein variance from the expected mean square, then the species variance (0.0020) is the same in the two analyses. Thus, the species variance estimate from the one-way analysis is partitioned into species and species-protein interaction components in the two-way analysis. This partition, together with the larger total variance in the two-way analysis, results in a smaller percentage of the overall variance being attributable to species.
Thirdly, it has been suggested that a major determinant of levels of heterozygosity is the laboratory in which they are measured (Selander, 1976; Simon & Archie, 1985) . This bias might contribute to the species-protein and drainage-protein interactions because the data for a given species or drainage is often derived from a single study. To investigate the effect of study bias on the species-protein interaction among fish, we chose five studies (4, 3, 5, 16, 19 ; see Appendix), each of which scored more than one species, and none of which had any species in common.
Thus, species were nested within study. The main effect of study was very small (3 per cent), but the suspicion of study bias is probably well-founded as 19 per cent of the variance was attributable to studyprotein interaction. Nevertheless, the species-protein interaction remained overwhelming (67 per cent of total variance). To investigate the effect of study bias on the drainage-protein interaction, we identified seven studies (39, 8, 13, 31, 22, 24, 33 ; see Appendix) in each of which a single species was scored from several drainage basins. Only two variance components were substantial. The species-protein interaction is large (32 per cent) but cannot be interpreted because it is confounded with any study-protein interaction. The drainage-protein interaction remains large (36 per cent), confirming that it is independent of study. For mammals, the only comparable analysis that we could attempt was to analyse separately the only study (23; see Appendix) dealing with more than one species. This yielded a large main effect for protein (29 per cent), but only 12 proteins were scored; there was no significant variance among species (7 per cent). The species-protein interaction remained large (28 per cent) and highly significant (F22 54=4.65, P<0.0005). Thus, we were unable to show that study bias contributes substantially to the taxon-protein interaction.
These results also discount the possibility that the interaction is due to non-homologous loci coding for the same protein being resolved in different studies.
Fourthly, we recognized that our estimates of comprised monomorphic and polymorphic proteins, which might be interpreted in different ways. We therefore reanalysed our data by excluding all monomorphic proteins. The results were unchanged. Among fish, species-protein (50 per cent) and drainage-protein (25 per cent) interactions remained large, and the same was true for the species-protein interaction (37 per cent) among mammals, all other sources of variation being zero or small. Thus, the results of the main analysis apply both to all proteins and to polymorphic proteins only.
Finally, we investigated the possibility that classifying enzymes by their form or function would account for taxon-protein interaction in terms of the taxonenzyme type interaction. The classification of enzymes Table 4 Sources of variation in protein heterozygosity. Results are for a balanced subset of the mammal data (see text). Details of analysis are given in Table 3 Sources of variance Damon & Harvey (1987, p. 69) .
by function according to Gillespie & Langley (1974) , by function according to Johnson (1974) , by quaternary structure and by subunit size is described in the Materials and Methods section. Enzyme classification was considered a fixed effect in analyses of variance. None of these four classifications was of any value in decomposing the species-protein or drainage-protein interaction. Variance attributable to species and to enzyme (nested within enzyme type) remained small, as in previous analyses, both for fish and for mammals, except that there was a moderately large contribution of enzyme within all classifications (11-18 per cent) except quaternary structure for mammals. The interaction of species with enzyme type was very small (0-2 per cent) except for a moderately large value (12 per cent) for species-quaternary structure in mammals.
The leading result of this analysis is that the interaction of species with enzyme (within type) remains very large in mammals (41-45 per cent), while in fish both the species-enzyme (27-38 per cent) and drainageenzyme (19-29 per cent) interactions remain large.
Thus, these interactions are not removed, or even reduced, by taking into account enzyme form or function.
In short, we have investigated the possibilities that the very large species -protein interaction discovered in the main analysis can be attributed to pooling fish and mammals; to the use of unbalanced datasets; to study bias; to including monomorphic proteins; or to failing to take into account enzyme form and function. None of these possibilities suggest any substantial change to the original conclusion. We feel justified in concluding that variance among taxa and variance among proteins is very small, and that the great bulk of variation in protein heterozygosity is attributable to the taxonprotein interaction.
Discussion
Lack of variation among species
The heterozygosity (He) of different proteins is somewhat correlated among samples of the same species, but poorly correlated among species. The poor correlation among species is equivalent to the substantial variance contributed by species-protein interaction. When the mean expected heterozygosity for a species is calculated, this interaction variance is suppressed.
The mean heterozygosities will nevertheless vary to some extent, and this variance will be substantial relative to the residual variance of populations within species. This is why the one-way analysis yields highly significant results, with classification into species contributing a large proportion of the overall variance. The two-way analysis reveals the true nature of this variance to be species-protein interaction. The same conclusion holds below the species level for fish populations in different drainage basins, and perhaps also for taxa above the species level.
It seems difficult to justify the use of species mean heterozygosity when the main effect is clearly so much smaller than the interaction. Nelson & Hedgecock (1980) make a similar point, based on their finding in decapod crustacea, that the correlations between the heterozygosity of an enzyme and ecological variables may depend on the enzyme's function as defined by Gillespie & Langley (1974) . Contrary to this finding, however, our analyses showed that neither enzyme function nor form helped explain the species-protein or drainage-protein interaction. It is equally difficult to justify the use of protein heterozygosity averaged across species, for similar reasons. The strong interaction effect may be a serious impediment to comparative studies of the mean heterozygosity of species or of proteins because the correlations that are discovered will depend on the particular set of species and proteins which are used. It seems necessary to compare species for a single protein only, or to compare proteins within a single species only. With hindsight, this conclusion might not be very surprising.
Species vary with respect to size, shape, coloration and other aspects of external morphology, but we do not know of any general rule that species in which one aspect of morphology is exceptionally variable tend also to be highly variable with respect to other, independent aspects of morphology. Some species of the gastropod Cepaea are extremely variable with respect to shell coloration, while they do not appear to be equally variable with respect to shell size or shape, but this has never caused any surprise. The averaging of variation across proteins may simply reflect our ignorance of their function in natural populations.
Interpretation of the species-protein interaction Our results suggest that attention should shift from attempting to interpret variation in mean heterozygosity to the interpretation of the much greater variation represented by species-protein and drainageprotein interactions. According to the neutral theory, when genetic differentiation of populations occurs by mutation and genetic drift, the correlation r of singlelocus expected heterozygosities between two populations decreases over time t as:
where v is the mutation rate and N, the effective population size (Li & Nei, 1975) . It is expected to take a long time for r to become nearly zero when N is large.
For example, if v for electrophoretically detectable alleles is assumed to be about 10 (Nei 1987) and Nis 106, then it will take 4.9 X 106 years for r to become 0.00 1. As populations diverge, interaction variance is generated by the decaying correlation. No main effect variance need be generated if the population mean heterozygosities do not diverge significantly. The correlation will continue to decay exponentially to zero, after which no additional interaction variance will be generated. The observed taxonomic distribution of interaction variance components (Table 3) suggests that populations diverged rapidly initially, so that the largest interaction component is at the species level, and then the rate of divergence slowed so that a small proportion of the total interaction variance remains detectable at the order level. The reason for a lack of interaction variance at the family level is unclear. Unfortunately, this pattern is also expected under natural selection and there is no simple way to distinguish between the two processes using these observations. The neutral theory, however, makes firm and explicit predictions relating mean heterozygosity to population size (and thus body size) among species and to subunit size among proteins. It does not seem to anticipate the absence or near absence of taxon and protein main effects: small proteins in small populations should display the least variation, while large proteins in large populations should display the most variation. Theories of variation, based on natural selection, do not encounter the same difficulty because it is easy to imagine that the way in which selection acts on
